Abstract-We derived an equivalent circuit for a figure-8 coil type permeance meter in order to analyze its LC resonance characteristics. The equivalent circuit for the pickup coils was derived by using the same analytical techniques as for thin-film inductors. The driving sheets and twisted lead wires were modeled according to the theory of distributed constant networks. We made a permeance meter, measured the frequency characteristics of the impedance for the coils, and confirmed the validity of the equivalent circuit. After describing the above steps, we discuss the LC resonance caused by the stray capacitance between the pickup coils and the driving sheets.
I. Introduction
The trends toward compactness and lighter weight in electronic equipment in recent years M. Yamaguchi have spawned a demand for miniaturized high-frequency transformers and other magnetic devices. In order to obtain thin film magnetic devices, magnetic core material capable of operation at high frequencies is necessary, and in addition methods of evaluating high-frequency magnetic properties are also needed. At present, a permeance measurement device based on a figure-8 coil [1] is mainly used in high-frequency measurements of permeability; however, above 100 MHz [2] [3] [4] it is sometimes difficult to separate the material characteristics from the characteristics of the measurement apparatus itself, owing to the effects of LC resonance and impedance mismatching of the measurement jig.
In order to obtain quantitative information on LC resonances in measurement jigs, we derived the equivalent circuit of a permeance meter based on a figure-8 coil using a thin film inductor characteristic analysis method [5] , and verified the correctness of the equivalent circuit. At the same time, we conducted quantitative studies of the effects of resonance and wiring due to the combination of the exciting and detecting coils, and obtained results of use for device design. In analyses, the exciting coil and lead wires were comparatively long and thus were treated as distributed-constant circuits, whereas the detection coil was relatively short and therefore was treated as a lumped-constant circuit. Because of the complex construction of the detection coil, the ability to treat it as a lumped-constant circuit helps simplify the analysis. In this paper we report these results. The B-coil was positioned at the center of the exciting coil, while the H-coil was not fixed in one place, so that its position could be changed. Twisted copper wire 0.1 mm in diameter was used as the lead wires from the detection coil to the connector; the wire lengths were 95 mm to the B-coil and 100 mm to the H-coil, respectively
To match impedances, a metal film resistance with a nominal value of 51±2.6 W was connected between each of the coils and connectors. Measurement at 5 MHz using an LCR meter indicated the resistance to be 51.55 W, and the inductance to be 50.8 nH.
B. Equivalent circuit ofthe figure-8 coil
The permeance measurement jig using a figure-8 coil consists of three coils: the exciting coil, H-coil, and B-coil. Of these, we derive the equivalent circuit for the B-coil, which has the most complex structure. Fig. 2 shows the shape of the B-coil. Focusing on the fact that this shape has features in common with thin film meander coils [5] , we derived the equivalent circuit of Fig.  3 . As in calculations for a meander coil, the four edges in the horizontal direction were regarded as four linear conductors with rectangular cross-sections, the inductance, resistance and stray capacitance of each of the coil edges were calculated, and the edges were connected to form a T-shape circuit. The inductance of a single edge was taken to be the sum of the self-inductancer6] and the mutual inductance [7] . The stray capacitance was taken to be the capacitance between coil wires, and was found by conformal mapping [5] . The capacitance between all four edges were considered. The PSpice program was used in circuit calculations. Fig. 4 shows the frequency characteristic of the inductance of a B-coil. In the trial-fabricated jig, the B-coil is fixed within the exciting coil, and so measurement of the characteristics of the B-coil alone is not possible. Hence measurements were performed for a different coil. The dimensions of the latter B-coil were: 1b=44 mm, wb=0.3 mm, tb=30 mm, dbw=2.5 mm, and dbm=1.0 mm. As in the prototype instrument, it was fabricated on a printed circuit board. Because the skin effect was ignored in calculations, some discrepancy with the measured resistance is seen near 50 MHz, but overall the calculated results are in good agreement with experiment, validating the equivalent circuit and confirming that the B-coil resonance is an LC resonance. Similar results were obtained for the H-coil.
C. Equivalent circuit ofthe exciting coil
In light of the structure of the exciting coil, TEM waves will propagate within it. Hence a distributed-constant network approach indicates that the exciting coil characteristic impedance ZO and phase velocity vp are given by Z. XLsh.C/Csh.. (1) v, 1/ IL,h, CcSh. (2) Here Lsheet and Csheet are the inductance and capacitance per unit length of the exciting coil. The resistive part of the impedance was assumed to be negligible. The inductance was computed from F.E. Terman's formula [6] , and the capacitance was found from a parallel-plate approximation. Here the exciting coil can be regarded as an element of finite length Id whose ends are connected, so that the resonance angular frequency wdr is as follows.
WJdr =7tVp/(21d) (3) Using the equivalent circuit near the parallel resonance point [8] , the exciting coil impedance is Zd =jcLd/(l W-WLdCd)
Here Ld and Cd are as given below. 6 shows the frequency characteristics of the H-coil, including lead wires. The characteristic obtained when the H-coil was removed from the exciting coil and its impedance was measured is indicated by 0; the broken line is the corresponding calculated characteristic. In calculation, we approximated the lead wires as two parallel conductors and applied the distributed constant network approach, with the coil as the load of the two parallel conductors. As the distance between the conductors in the two-parallel-conductor approximation to the lead wires, we measured the impedance of the lead wires only without the coil connected, and used the result to compute a distance of 0.02 mm. The impedance of the coil was analyzed in terms of lumped constant circuits, and was calculated using the equivalent circuit of section B above. Calculations were in good agreement with the measured results shown by 0, and we see that when the H-coil is separated from the exciting coil, resonance is due to the L and C of the lead wires and coil. In addition, considering that the design value of the resonance frequency for the H-coil alone is 2.05 GHz, we see that the effect of the lead wires is significant.
We next mounted the H-coil within the exciting coil and measured the impedance; a characteristic, indicated by filled circles, which was not present when the H-coil and exciting coil were separated appears near 300 MHz. The dot-dash line shows the results of calculations which took the stray capacitance and mutual inductance between the H-coil and exciting coil into account. Here the exciting coil was assumed to be a grounded conducting surface. As indicated in the enlarged inset, the calculations reveal a second resonance at 406 MHz, that is, at 1.3 times the frequency indicated by measurements. The main reasons for this discrepancy are thought to be due to the error in the parallel-conductor approximation, arising from the fact that the lead wire shape cannot be specified, and the potential distribution in the exciting coil itself. Although there is some difference in the calculated and measured results, the resonance near 300 MHz is thought to be due to the stray capacitance between the detection coil and the exciting coil. impedance of the air core of the detection coil alone was considered, assuming that the change in impedance resulting from insertion of a 1 mm thick magnetic film would be small [4] . Up to 70 MHz the measured values agree with calculations, but at the first resonance point of the B-coil the permeance changes suddenly, and ordinary permeance measurements are no longer possible. Thus the range over which measurements are possible extends up to near the first resonance point of the system.
V. Conclusion
A method of analysis of thin film inductance characteristics was applied in deriving an equivalent circuit for use in analyzing resonances in permeance measurement equipment. On applying the equivalent circuit to a prototype figure-8 coil, good agreement with measured results was obtained, confirming the validity of the circuit. When the detection coil is mounted, the influence of the lead wires causes low-frequency resonance, but by adopting a distributed-constant network approach, the characteristics of the detection coil including the lead wires can be analyzed. At the first resonance point of the equipment, the permeance changes sharply and it becomes impossible to measure the original permeance. In permeance measurements, this limit must be understood.
Hereafter it will be necessary to substitute for the detection coil lead wires microstrip lines with length chosen for impedance matching, to further extend the measurement bandwidth. In addition, the effect of insertion of a magnetic film, which was ignored in this work, must be studied.
